The effects of montmorillonite (MMT) addition level on the tensile properties of PA6-MMT polymer-layered silicate nanocomposites (PLSN) were quantified using factorial experimental design (FED) to fit experimental data to a series of polynomial response equations.
Introduction
Polymer-layered silicate nanocomposites (PLSN) are formed by the incorporation of only a few weight percent (wt %) of a nanoscale lamellar-silicate filler into a polymer. PLSN offer a number of advantages over traditional polymer composites [1] [2] [3] [4] [5] [6] , in that significant enhancements in mechanical properties are combined with low density, reduced permeability and increased flammability resistance. These improvements result from the incorporation of thin (≈ 1 nm) silicate lamellae that exhibit both high surface area (up to 10 3 m 2 g -1 ) and large aspect ratios (often ≥ 100) which, when combined with their high tensile modulus (> 100 GPa), produce efficient reinforcement of a polymer matrix [7] [8] [9] . Layered-silicates initially consist of stacks of lamellae (tactoids) which must be exfoliated (delaminated) to release individual lamellae and form a PLSN [10] . However, it is extremely difficult to achieve complete exfoliation and most PLSN contain regions of both exfoliated silicate lamellae and "intercalated" lamellae stacks. These stacks contain intermediate layers comprising mixtures of organic surface treatments for the filler (intercalants) and polymer chains that have diffused into the interlayer spacings between the lamellae [10] . Thus, the degree of exfoliation achieved has significant effects on the surface area, aspect ratio and mechanical properties [8, 9] of the filler particles and therefore tends to dominate the mechanical properties of a PLSN.
An earlier paper from this study [11] , described the production of PA6-montmorillonite (MMT) PLSN by melt compounding in a co-rotating twin-screw extruder, and their morphologies were characterised using a range of techniques. This, complementary, paper reports on the tensile properties of those PLSN. Mechanical behaviour is related to the structure of the PLSN described in the preceding paper [11] and compared to the predictions of both standard composite-theory models, and versions modified in order to take account of changes in the distribution of the number of lamellae in intercalated stack particles
Experimental
The particulate composites used were produced from a PA6 melt-compounded with either an unmodified montmorillonite (MMT) or an organo-modified montmorillonite (OMMT) [11] . The PA6 (Akulon F136), supplied by DSM, was a high-viscosity extrusion grade designed for film applications. The unmodified MMT (PGW), supplied by Nanocor, was a high-purity grade. The OMMT (Nanomer 1.30TC), supplied by Nanocor, was an octadecylammonium salt (C 18 H 37 NH 3+ )
-modified grade developed for extrusion compounding with PA6.
Factorial experimental design (FED) was used to quantify the effects of OMMT addition on the tensile properties of the PA6, using Maximise™ software (BTR Technology). The design chosen was a 3 level full-factorial, with OMMT weight-percentage (wt%) addition as the sole variable at nominal levels of 0, 5 and 10 wt%. FED is usually used to study complex systems in which interactions occur between multiple input variables [12] and, in fact, the results presented in this paper form were extracted from a larger, multivariate study. In this case, FED was used specifically to provide an experimentally efficient method of determining experimental error and of fitting the experimental data, thus allowing the prediction of mechanical properties at intermediate levels of OMMT addition. For comparison, a PGW-based MMT microcomposite was produced at the mid-level of the design (nominally 5 wt% addition -experimentally 4.7 wt% [11] ). The composites were identified using a simple coding system consisting of the nominal clay wt.-% followed by T or P, denoting 1.30TC or PGW respectively, as shown in Table 1 . In a subsequent compounding experiment, a further PLSN composite -designated 7T -was produced as a confirmation experiment. The reasoning behind this was two-fold: firstly, to assess the accuracy of the FED predictions of mechanical properties at intermediate addition levels of OMMT; and secondly to provide a direct comparison (in terms of wt.-% MMT) to the 5P microcomposite containing unmodified MMT.
Melt compounding was performed using a vented Betol BTS30 co-rotating twinscrew extruder (diameter of screws = 30 mm, length: diameter ratio = 21:1). Dried components (16 hr, 80 ºC) were mechanically premixed then compounded using a screw speed of 40 rpm, a temperature profile of 200 ºC (feed throat) to 220 ºC (die) and a throughput of 8 kg hr -1 . The compounds were extruded as twin laces of ≈ 4 mm diameter, which were hauled into a quenching water trough prior to being pelletized. Dried blends (16 hr, 80 ºC) were moulded to form tensile dumbbells and bar specimens (110 x 10 x 4 mm) using a Boy 15S injection-moulding machine.
The barrel temperature profile was 230 ºC (feed throat) to 250 ºC (nozzle) and the mould temperature was maintained at 80 ºC. To minimise moisture uptake moulded specimens were immediately wrapped in aluminium foil and sealed in polyethylene bags. Prior to mechanical testing, all specimens were dried for 6 hours at 80 ºC and then conditioned in a dessicator for a minimum of 3 days. Tensile tests were conducted on moulded dumbbell specimens using a Hounsfield M-series tensometer fitted with an extensometer. Modulus values were determined at a crosshead speed of 1 mm min -1 , whilst for the remainder of the test (i.e. beyond 0.5% elongation) a crosshead speed of 50 mm min -1 was used.
Results and Discussion

Mechanical Testing
Data derived from mechanical testing of the PA6 matrix and PA6-clay composites are shown in Table 2 . To provide a better comparison, the PA6 specimens used for testing were injection moulded from material that had undergone the same twin-screw extrusion procedure as the PA6-clay composites. Using FED software the experimental data were fitted to a set of polynomial response equations of the form
where f(x) is the mechanical property response considered, and A 0 , A 1 and A 2 are the respective coefficients for the response mean and the linear and non-linear effects of changing the clay level (x). Using a statistical t-test, the coefficients for all responses were found to be of ≥ 95% significance level and therefore were deemed to be statistically significant. The outputs from the response equations determined for tensile properties are shown in Figures 1-2 , in comparison to both the experimental data used to generate the curves, the 5P microcomposite and the 7T PLSN produced as a confirmation experiment. In the figures actual MMT content, as measured by ashing [11] , is used rather than OMMT addition level. Figure 1 shows the development in tensile modulus for addition levels of MMT between 0 and 7.5 wt%. As expected, the fit of the FED response equation to the experimental data is good, in that the greatest deviation of the experimental data from the FED response curve (≈ 400 MPa at 3.3 wt% MMT) was estimated as being not statically significant; i.e. having < 95 % significance in a t-test using a value of percentage standard deviation for the predicted value (calculated from the response equation) identical to that determined experimentally for the 5T compound.
Similarly, the confirmation experiment showed that the difference between the predicted value from the response equation and the experimental modulus value of the 7T PLSN (8542 MPa) was not statistically significant. In general, the response curve is observed to rise sharply at low levels of clay addition, with a modulus ratio of 1.7 (i.e. a 70% increase relative to the PA6 matrix) being achieved after the addition of only 3.75 wt% MMT (≈ 5.4 wt% of 1.30TC OMMT). The rise in modulus upon further clay addition is less significant, with modulus ratio increasing from 1.7 to ≈ 1.9 as MMT content increases from 3.75 to 7.50 wt%. Reductions in modulus enhancement at higher levels of OMMT addition have been reported in other studies [9, 13 -15] and have been ascribed to reduced levels of exfoliation [15] . These reductions result from lamella-orientation effects, as the rising number of particles increasingly interact with each other generating packing constraints [10] . Thus, above a critical loading of MMT, proposed to be ≤ 5 wt% for MMT lamellae with aspect ratios of ≥ 100 [7] , these constraints are predicted to result in the formation of an ordered nematic phase [16] . The XRD data for these PLSN reported previously [11] did indicate that a more ordered, intercalated structure had developed in the PLSN as the MMT content was raised from 3.3 to 7.2 wt%. In addition, measurements of particle dimensions from TEM images [11] showed that the 5T PLSN exhibited a mean value of 1.8 silicate lamellae per particle, resulting from a particle distribution comprising a predominance of exfoliated lamellae together with a minority of intercalated lamella stacks containing between 2 and 6 lamellae. In contrast, the 10T PLSN exhibited a mean value of 3.8 silicate lamellae per particle [11] , resulting from a particle distribution comprising a predominance of intercalated lamella stacks containing between 2 and 10 lamellae. These intercalated silicate-lamellae stacks will have significantly lower moduli than the ≥ 178 GPa reported for exfoliated, individual silicate lamellae [7] [8] [9] as a result of the low-modulus gallery layers, comprising mixtures of octadecylammonium-salt intercalant and intercalated PA6 chains.
Overall, Figure 1 shows the incorporation of OMMT to have resulted in significant enhancement of the modulus of the PA6 matrix. In comparison, modulus-ratio values of ≈1.9
have been reported for PA6-glass fibre composites [17] but only at addition levels of ≥ 18 wt%.
In the same study [17] , 10 wt% of glass fibres gave values of modulus ratio ≈1.3. Thus, the modulus ratio of 1.34 exhibited by the 5P microcomposite containing 4.7 wt % MMT appears excellent in comparison to the value for a glass-fibre composite, but is still significantly lower than the value of 1.78 predicted for a PLSN at 4.7 wt % MMT by the FED response equation and well below the experimental value of 1.85 measured for the 7T PLSN (4.8 wt % MMT).
During tensile testing several deformation behaviours were observed. The PA6 matrix exhibited an extrinsic yield-point at approximately 4% strain followed by a significant degree of post-yield drawing before fracture occurred at approximately 47% strain. However, the addition of 1.30TC OMMT inhibited yielding to such an extent that the 5T PLSN failed immediately after yielding, at a reduced strain level of approximately 3%, and the 7T and 10T PLSN exhibited brittle fracture at low strains (< 2%) without exhibiting any distinct yielding. The addition of PGW unmodified-MMT inhibited yielding to a much lesser extent and some post-yield drawing was observed for the 5P microcomposite, although elongation at break (11.6%) was much lower than the PA6 matrix. Due to these differences in deformation behaviour, maximum tensile stress was chosen as the FED response, which relates to values of yield-stress for the PA6 matrix and 5T
PLSN, and to values of stress-at-break for the 10T and 7T PLSN. Figure 2 shows the development in maximum tensile stress for addition levels of MMT between 0 and 7.5 wt%. The fit of the FED response equation to the experimental data is excellent, and there is good agreement between the predicted value from the response equation and the experimental stress value of the 7T PLSN (92.7 MPa) produced as a confirmation experiment. Maximum tensile stress is observed to increase by ≈30% upon the addition of 4 wt% MMT (i.e. stress ratio rises to ≈ 1.3), then to drop at an equivalent rate upon further addition of MMT before returning to approximately the same value as the PA6 matrix at 7.5 wt% MMT. The increase in yield stress up to ≈ 5 wt% MMT may be ascribed to an increase in the constrained volume of polymer [15, 18] . This volume is dependent on the polymer-filler interfacial area, which rises rapidly with OMMT addition up to a critical loading of MMT, where packing constraints result in the formation of an ordered nematic phase [10, 16] . It has been proposed [18] [19] [20] that at this critical MMT loading a continuous phase of constrained polymer forms, via coalescence of the interfacial regions of the closely packed lamellae. Dynamic mechanical studies of the 5T and 10T PLSN, reported previously [11] , showed strong indications of the formation a continuous phase of constrained
polymer. This morphological change will significantly affect the deformation behaviour of the PA6 matrix, as this continuous phase will presumably consist of a mixture of constrained amorphous chain-segments [21] [22] [23] and γ-phase crystallites [24, 25] -both of which will exhibit much lower ductility than the unconstrained amorphous chain-segments in PA6. Thus, the distinct change in deformation behaviour at intermediate levels of MMT may result from the formation of this continuous phase of constrained polymer and the consequent inhibition of bulk plastic-yielding of the PA6 matrix. At levels of >5 wt% MMT the, now, non-yielding PLSN exhibit a reduction in stress-at-break with increasing levels of filler addition -behaviour that is typical of particulate-filled polymer microcomposites [26] .
Studies of the tensile behaviour of PA6 PLSN typically report that bulk yielding is not inhibited [13, 27 -29] . However, the reported increases in yield stress usually tend to asymptote at addition levels of OMMT that vary between 2 and 10 wt% [13, 27, 28] Figure 2 shows the 5P microcomposite containing 4.7 wt% MMT to exhibit a stress ratio of ≈ 1.1. Thus, addition of low levels of unmodified MMT appear to result in similar stress enhancement to equivalent levels of glass fibres, as was shown earlier for tensile modulus.
Composite Models
In order to better understand the reinforcing effects of MMT on the PA6 matrix, the predictions of several composite theory models were compared to the results of the FED response equation for the tensile modulus of the PLSN. Halpin-Tsai theory [31] is the most widely applied composite model for the prediction of the moduli of PLSN as a function of aspect ratio [7] [8] [9] , and is given as
where E c and E m represent the composite and matrix moduli, respectively, ζ is a shape factor dependent upon filler geometry and loading direction, φ f is the volume fraction of the filler and η is given by ζ η lamellae are perfectly aligned, asymmetric and uniform in shape and size. Obviously, these simplifying assumptions will result in disparities between the predictions of the Halpin-Tsai theory and the behaviour of real, more complex, systems such as PLSN [7] [8] [9] . These disparities will be discussed in the sections that follow. Figure 3 shows the effects of filler volume fraction (φ) and aspect (l/t) ratio on the modulus of a PLSN. The values of E m and E f used in the calculations were 4.62 GPa for the PA6 matrix (Table 1) 030. Extrapolation to φ = 0 gave a value of E m ≈ 7.9 GPa and, using this value of E m , the rule of mixtures fit gave a value of E f ≈ 35 GPa. These fits to the curve raise a number of points: (i) the modulus value of 178 GPa for an exfoliated silicate lamella may be too low; (ii); the modulus of the silicate reinforcement appears to drop significantly at values of φ > 0.014; (iii) composite theory assumes the modulus of the matrix to be the same as the unfilled polymer. However, the introduction of a huge surface area of high surface-energy silicate into the PA6 will result in a considerable increase in the volume of constrained polymer chain segments, both in the amorphous phase and in the volume of γ-phase crystallites, which will tend to increase the value of E m .
As ζ → ∞,
Equation 2 reduces to the parallel (isostrain) model of the rule-of-mixtures (given in Equation 4) and, conversely, as ζ → 0 Equation 2 reduces to the series (isostress) model of the rule-of-mixtures (Equation 5). Thus, Equations 4 and 5 provide the upper and lower bounds of modulus prediction, respectively.( ) m f f f c E E E φ φ − + = 1 (4) ( ) m f f f c E E E φ φ − + = 1 1(5)
Based on molecular dynamics simulations [33], Manevitch and Rutledge reported a value of
≈ 250 Nm -1 for the membrane-modulus of a silicate lamella [9, 33] . Dividing this value by the thickness of a silicate lamella (0.94 nm [8] ) gives a value of E f = 266 GPa. This value is very close to the value of E f ≈ 250 GPa determined from the fit of the parallel model to the initial response-equation data in Figure 3 . However, it should be noted that Manevitch and Rutledge
[33] also calculated a smaller value for the thickness of a silicate lamella of 0.615 nm, giving a value of E f ≈ 400 GPa. The modulus value of a smectite clay lamella is a subject of debate. Chen and Evans [32] surveyed the published estimates of elastic moduli, reporting both a convergence of opinion in the range 178-265 GPa and that a value of 400 GPa appeared rather high when compared to the density dependence of modulus for silica and aluminosilicates. respectively. Measurements from TEM micrographs [11] gave mean values of particle length of 143 and 164 nm for the 5T and 10T PLSN, for which φ = 0.0134 and 0.0301, respectively. Given that TEM also showed the 5T PLSN to contain mainly exfoliated silicate lamellae, it may be expected that PLSN produced within the range 0 < φ ≤ 0.01 will be highly exfoliated, resulting in high aspect (l/t) ratios, as 143 nm / 0.94 nm ≈ 150. In Figure 4 , where E f = 265 GPa, the response-equation curve up to φ = 0.01 essentially lies on, or between, the lines calculated for aspect ratios of 200 and 100 whereas in Figure 5 , where E f = 400 GPa, the initial responseequation curve follows the line for an aspect ratio of 50. Thus, at first sight the value of E f = 400
GPa used to generate Figure 5 would appear to be too high. However, it has been assumed in these calculations that all the particles within the PLSN are exfoliated silicate lamellae, whereas TEM has shown both the 5T and 10T PLSN to contain a mixture of exfoliated lamellae and lamellae-stacks [11] .
The tensile modulus, E stack , of a lamellae stack parallel to the lamellae may be estimated using a parallel model [7, 8] , similar to Equation 4; i.e.
where φ MMT and E MMT are, respectively, the volume fraction of MMT lamellae in the stack and the modulus of a MMT lamella, and φ Gallery and E Gallery are, respectively, the volume fraction of gallery space in the stack and the modulus of the material in the gallery. The value of φ Gallery may be expressed, in terms of X-ray d-spacings, as [7, 8] where n is the number of lamellae per stack, d 001 is the repeat spacing between silicate lamellae and t lam is the thickness of a silicate lamella. Figure 6 shows the effect of increasing the number (n) of silicate lamellae in a stack on the modulus of the stack. Two curves are shown, one for d 001 = 3.4 nm and the other for d 001 = 3.8 nm, as these values approximate to the d-spacings measured [11] for the 5T and 10T PLSN, respectively. The two curves are very similar, in that both exhibit abrupt drops in modulus as n increases from 1 to 2 and eventually asymptote at approximately 70-80 GPa. The average values of n for the 5T and 10T PLSN are 1.8 and 3.8, calculated from TEM measurements of particle thickness [11] , which equate to values of E stack of ≈ 150 and ≈ 80 GPa for 5T and 10T, respectively. Thus, the reduction in modulus of the reinforcing particles in a PLSN due to the formation of intercalated lamellae-stacks makes the adoption of a value of 400
GPa for the modulus of a silicate lamella more feasible. These significant reductions in modulus result from the low-modulus gallery layers, comprising mixtures of octadecylammonium-salt intercalant and intercalated PA6 chains. The curves in Figure 6 were calculated using a value of E gallery = 4 GPa, i.e. equivalent to the modulus of the PA6 matrix. However, it should be noted that the curves show negligible differences upon reducing E gallery by an order of magnitude to 0.4 GPa. Figure 7 shows the effect on composite modulus of the number (n) of lamellae in a stack.
The solid lines marked P and S once again indicate upper and lower bounds calculated using Equations 4 and 5, respectively. The dashed lines are Halpin-Tsai calculations (Equation 2) using a median value of particle length of l p = 153 nm (experimental values of l p [11] were 143 and 164 nm for 5T and 10T, respectively) and values of E f which range from completely exfoliated silicate lamellae (i.e. n = 1, E f = 400 GPa) to lamellae-stacks containing increasing numbers of lamellae Figure 7 correlate much better with the FED response data at low values of φ, where a higher level of exfoliation occurs. However, the simple composite models used to generate Figure 7 fail to fit the asymptotic curve of the FED response equation for tensile modulus. The significant reduction in modulus enhancement at particle levels of φ ≥ 0.015 may result from a number of factors. Firstly, simple composite models assume the reinforcing particles to be uniform in shape and size, whereas in PLSN as φ is increased packing restraints will restrict the degree of exfoliation and consequently increase both the number of silicate-lamellae stacks and the number (n) of lamellae in the stacks. These stacks will significantly reduce reinforcement efficiency due not only to their low modulus, as shown in Figure 6 , but also to their lower aspect ratio and reduced efficiency of load transfer from the matrix [8] . Secondly, at higher φ there is an increased tendency for particles to overlap, which has been proposed to significantly reduce the efficiency of load transfer between the matrix and the reinforcing particles [9] . Thirdly, simple models neglect other factors such as variations in particle orientation, increased particle attrition at higher φ, and changes to the properties of the matrix. In reality, PLSN are complex composite materials composed of a matrix, comprising two polymer phases (i.e. the constrained amorphous/crystalline and the unconstrained amorphous), which encapsulates large numbers of reinforcing particles -both exfoliated lamellae and intercalated stacks -possessing distributions of size, shape and structure as well as variations in orientation. Thus, models such as those used to generate Figure 7 , can only give a general, albeit useful, indication of the effects of MMT on the modulus of a PLSN.
It is clear that the calculated lines in
One modification to the basic Halpin-Tsai approach that may be useful for PLSN is to take account of the distribution in the number (n) of lamellae in the stack particles. The preceding paper in this study [11] presented histograms, for both the 5T and 10T PLSN, showing the distributions in n calculated using measurements of particle thickness (t p ) from TEM micrographs.
These TEM data were used to determine the relative fractions of MMT composed of exfoliated lamellae (i.e. n = 1) and of stacks of increasing values of n. Using values of E stack (calculated using
) was used to calculate the contribution of each MMT particle-fraction to E c , whilst adjusting φ f to account for interlayer thickness and ζ to account for the increase in t p (as ζ = 2 l p /t p ). Thus, E c is calculated as a summation of the contributions of each particle fraction of varying n. Figure 8 shows the effect of the distribution in n on the modulus values calculated for the 5T and 10T PLSN, using both the Halpin-Tsai and parallel models (Equations 2 and 4, respectively) . The two curves connecting the data points from the models are seen to diverge with increasing MMT content. In particular, at φ > 0.0125 the H-T curve begins to asymptote and the degree of divergence from the P-model curve increases significantly. Consequently, whereas the experimental data for the 5T and 7T PLSN lie approximately midway between the two curves, the experimental value for 10T lies closer to the H-T curve. Thus, the modified HT model gives a good description of the general behaviour of these PLSN.
Conclusions
The response equations for tensile modulus and maximum tensile strength exhibited reduced property enhancement at levels of MMT content ≥ 4 wt%. These property changes may be explained by two effects; firstly, a reduction in the degree of exfoliation due to by lamella packing constraints and, secondly, the formation of a continuous phase of constrained polymer at this MMT loading.
In order to better understand the reinforcing effects of MMT in the PA6 PLSN, the predictions of several composite theory models were compared to the results of the FED response equation for the tensile modulus. Initial plots of the Halpin-Tsai and parallel composite models indicated that the widely-used value of 178 GPa for the modulus of an individual (exfoliated) silicate lamella may be too low, and that the modulus of the reinforcing particles appeared to drop significantly at values of φ > 0.014. Similar plots were produced using a modulus value of 400
GPa calculated by Manevitch and Rutledge [33] which, at first sight, indicated that this value may be too high. Subsequently, useful results were obtained upon taking account of the mixed exfoliated lamellae/lamellae stack morphology of the PLSN by calculating the tensile moduli of the lamellae stacks using a simple parallel model. However, both the Halpin-Tsai and parallel composite models are linear over the experimental range of 0 ≤ φ ≤ 0.04 and they therefore failed to fit the curve generated by the FED response equation which asymptotes at values of φ > 0.014, indicative of a significant drop in the apparent modulus of the reinforcing particles.
Consequently, a modification was made to the basic Halpin-Tsai approach, in order to take account of changes in the distribution in the number (n) of lamellae in the stack particles, in which E c was calculated as a summation of the contributions of each particle fraction of varying n. This (Table 2 ) and the open circle data points are generated by the FED response equation. The two, closed circle, data points for the 5T and 10T PLSN are Halpin-Tsai calculations utilising TEM data of distributions in n [11] to give E c as a summation of the contributions of each particle fraction of varying n.
Similarly, the closed squares indicate calculations using the parallel model to give E c as a summation of the contributions of particle fractions of varying n. The lines connecting the closed points are purely guides to the eye. Table 1 Compositional data for the composite samples determined from TGA and ashing [11] . 
